Non-ischemic dilated cardiomyopathy (DCM) has been recognized as a heritable disorder for over 25 years, yet clinical genetic testing is non-diagnostic in >50% of patients, underscoring the ongoing need for DCM gene discovery. Here, whole exome sequencing uncovered a novel molecular basis for idiopathic end-stage heart failure in two sisters who underwent cardiac transplantation at three years of age. Compound heterozygous recessive mutations in TAF1A, encoding an RNA polymerase I complex protein, were associated with marked fibrosis of explanted hearts and gene-specific nucleolar segregation defects in cardiomyocytes, indicative of impaired ribosomal RNA synthesis. Knockout of the homologous gene in zebrafish recapitulated a heart failure phenotype with pericardial edema, decreased ventricular systolic function, and embryonic mortality. These findings expand the clinical spectrum of ribosomopathies to include pediatric DCM.
Introduction
Dilated cardiomyopathy (DCM) is a progressive myocardial disorder characterized by left ventricular dilation and systolic dysfunction. Diagnosis is typically made in the fifth decade of life (1) , but penetrance is variable and end-stage DCM in both adults and children is the most common indication for cardiac transplantation (2, 3) . There are diverse etiologies for the final common pathway of myopathic heart failure and premature death in DCM, yet a majority of patients have idiopathic disease, including 66% of childhood cases (4) . Recognition of idiopathic DCM as a familial disorder (1) has been the impetus for discovering the molecular genetic bases of disease by candidate gene, locus mapping and, most recently, whole exome-sequencing strategies. This research has successfully identified over fifty DCM-associated genes (5, 6 ), yet the diagnostic yield for current gene panel testing is only 37% (7) . Moreover, the spectrum and frequency of mutations in known DCM genes differ among adults, children, and infants, suggesting unique pathogenic mechanisms within each age group. For example, truncating mutations in TTN have been reported to underlie 14-25% of DCM cases (7, 8 ), yet they were absent in patients two years of age or younger owing to delayed penetrance (7) . By contrast, RBM20 mutations are enriched in children 2-18 years of age (7, 9) . Exome sequencing provides a powerful platform for novel disease gene discovery, particularly in sporadic DCM of childhood attributable to mutations of major effect that disrupt fundamental myocellular functions.
Here, we report a unique family with DCM in a sibling pair, both of whom developed decompensated heart failure requiring cardiac transplantation by 3 years of age. Exome sequencing of the sibling-parent quartet uncovered compound heterozygous mutations in TAF1A, implicating an unsuspected candidate gene for DCM. Consistent with known TAF1A function, electron microscopy identified a gene-specific defect in cardiomyocyte nucleoli from explanted hearts, indicative of impaired ribosomal RNA (rRNA) synthesis. taf1a knockout in zebrafish recapitulated a lethal heart failure phenotype. These findings reveal ribosomopathy as a cause for early-onset heart failure.
Results

Clinical presentation
The proband presented at 2 6/12 years of age with transient left hemiplegia and subcortical ischemia in the right middle cerebral artery territory. Her developmental and past medical history were unremarkable except for failure to thrive (weight and height <3 rd percentile). Echocardiography revealed DCM with severe four-chamber enlargement and decreased left ventricular ejection fraction (EF ¼ 20%; normal !50%) in the absence of symptoms or physical findings of heart failure. While no intracardiac thrombus was identified, thromboembolism was the presumed etiology of her stroke. Electrocardiography demonstrated normal sinus rhythm, left atrial enlargement, and nonspecific ST-T wave changes. An underlying cause for her DCM was not identified, despite an extensive diagnostic workup including metabolic testing, karyotyping, chromosomal microarray, and genetic testing with a 10-gene DCM panel. She remained stable for 10 months on an outpatient heart failure regimen of carvedilol, enalapril, digoxin, furosemide, spironolactone, and aspirin (10) . However, her left ventricular function and growth failure did not improve and, following hospitalization for decompensated systolic heart failure and atrial flutter, she underwent cardiac transplantation at 3 4/12 years of age.
The younger sister also developed idiopathic DCM and underwent cardiac transplantation for end-stage heart failure at a similar age. Following her sister's diagnosis, a screening echocardiogram at 13 months of age revealed mild-moderate left atrial enlargement but normal left ventricular chamber size and systolic function (EF ¼ 60%). A surveillance study at 2 6/ 12 years of age was diagnostic for DCM, with moderate LV enlargement, moderate-severe LV systolic dysfunction (EF ¼ 27%), moderate mitral valve regurgitation, and severe left atrial enlargement. Electrocardiography demonstrated normal sinus rhythm, left ventricular hypertrophy, and non-specific ST-T wave changes. Past medical history was similarly unremarkable and overt signs and symptoms of heart failure were absent. She was small but within normal limits for age ( 
Whole exome sequencing
Chromosomal microarray analysis excluded chromosomal aneuploidy in the proband. To identify the genetic basis of DCM in the sibling pair, exome sequencing was performed on the family quartet and an iterative variant filtering scheme was employed, culminating in identification of TAF1A, encoding TATA-box binding protein associated factor 1A, as the sole candidate gene ( Fig. 1A-C) . The compound heterozygous TAF1A missense variants, c.251T > C, p.L84S and c.1021G > A, p.G341R (NM_005681.3), were rare, predicted to be damaging by in silico tools, and altered highly conserved amino acids within the protein product ( Fig. 1D and Table 1 ).
Cardiac pathology
Examination of explanted hearts from the affected sisters revealed gross pathological features characteristic of end-stage DCM. Myocardial mass was increased (heart weight: II.1, 95.2 g; II.2, 66.5 g; expected, approximately 50 g) in conjunction with severe interstitial fibrosis evident in the gross specimens ( Fig. 2A) . Light microscopy and Masson trichrome staining demonstrated large patches of replacement-type interstitial fibrosis ( Fig. 2D) , distinct from the pericellular fibrosis seen in pediatric DCM controls ( Fig. 2B and C). Hematoxylin and eosin staining revealed severe cardiomyocyte hypertrophy in the affected sibling pair ( Fig. 2G ) compared to moderate cardiomyocyte hypertrophy in the pediatric DCM controls ( Fig. 2E and F). Because TAF1A is part of selectivity factor I (14), necessary for ribosomal RNA synthesis within nucleoli, nucleolar morphology was assessed by electron microscopy of explanted heart tissues from the affected sisters. Nucleolar segregation was identified in approximately 50% of cardiomyocytes examined ( 
Zebrafish modeling
To model the recessive, presumed loss-of-function TAF1A mutations, stable knockout of the single taf1a zebrafish homolog was performed, resulting in a frameshift mutation leading to a premature stop codon (Supplementary Material, Fig. S2 ). Homozygous mutant zebrafish embryos recapitulated a heart failure phenotype beginning at 6 days post-fertilization, with progressive pericardial edema and a significant decrease in ventricular fractional shortening compared to WT embryos ( Fig.  3A and B). Knockout of taf1a resulted in early lethality, with embryonic death occurring 6 to 11 days post-fertilization (Fig. 3C ).
Discussion
TAF1A and nucleolar stress
TAF1A functions in recruitment of RNA polymerase I to ribosomal DNA promoters, the essential first step in ribosome biogenesis ( Fig. 3D ) (14) . Synthesis and processing of the rRNA 45S precursor occur within the nucleolus, comprised of granular, fibrillar, and dense fibrillar components (15) . Transcription of pre-rRNA occurs on the borders between the fibrillar and dense fibrillar centers, while processing of pre-rRNA and initial ribosome subunit assembly occurs within the dense fibrillar center (15) . During active ribosome synthesis, the three nucleolar components are dispersed, with the fibrillar and dense fibrillar components surrounded by the granular component (16) . rRNA transcriptional arrest results in nucleolar segregation, where the fibrillar and granular components disengage and form juxtaposed structures, indicative of nucleolar stress (16) . rRNA transcriptional arrest occurs through inhibition of RNA polymerase I, achieved pharmacologically by treatment with actinomycin D or doxorubicin (16, 17) . Notably, doxorubicin is a common cause of chemotherapyinduced DCM (18) . Moreover, depletion of RRN3 in mouse embryonic fibroblasts, an interacting partner of TAF1A, results in disrupted nucleolar structure with segregation of the nucleolar components (19) . Electron microscopy of explanted heart tissue from the affected sister-pair revealed prototypic nucleolar segregation, indicative of perturbed TAF1A-dependent rRNA synthesis and nucleolar stress. TAF1A-dependent cytoplasmic aggregation was also observed near sites of sarcomere degeneration, suggesting a defect in the critical balance between protein synthesis and degradation in the heart (Supplementary Material, Fig. S1 ) (20) . Indeed, defects in protein degradation are known contributors to cardiac disease and heart failure (20) , yet the essential role of the nucleolus in cardiovascular disease and morphologic changes as an early marker of myocellular stress have only recently been recognized (21) . Ribosomopathy as a cause of heart failure Ribosomopathies are a group of genetic disorders that originate from defects in ribosome biogenesis, a ubiquitous process that occurs in all tissues, yet ribosomopathies are known to result in unique phenotypes confined to specific organs (22) . Similarly, our data show that genetic disruption of TAF1A, a ubiquitous protein integral to the RNA polymerase I complex and ribosomal RNA synthesis, leads to a cardiac-specific phenotype. While cardiomyocytes have limited capacity to regenerate by cell division (21), constitutive replacement of most myocellular proteins occurs every 5-10 days (23). We postulate that physiologic mechanical and metabolic demands on the heart render it vulnerable to low rRNA synthetic reserve, particularly during active cardiac growth in development and postnatal life (Fig. 3D) . Indeed, TAF1A mutations in the sibling pair led to end-stage DCM necessitating cardiac transplantation by 3 years of age. Validation of a defect in RNA synthesis will require further mechanistic studies. While deficiency of ribosomal genes has been associated with cardiomyopathy in Drosophila melanogaster (24), to our knowledge this is the first report of ribosomopathy as a cause for human heart failure. Identification of additional DCM-associated mutations in TAF1A or related genes would be required to further establish this genotype-phenotype relationship. Accordingly, we performed mutation scanning of 347 unrelated patients with DCM (85% adult-onset), but did not identify other rare or unique TAF1A coding variants that segregated with disease.
DCM is characterized by marked genetic heterogeneity and a majority of causal genes are yet to be discovered. Consequently, the diagnostic yield of DCM gene panel testing (37%) falls short of other prototypic heritable cardiac disorders like hypertrophic cardiomyopathy (60%) and long QT syndrome (75%) (25) . To this end, our report exemplifies a current limitation of standard DCM gene panel testing, and the added value of family-based whole exome sequencing on a research basis for ongoing discovery of DCM-associated genes (26-28).
Materials and Methods
Study subjects
Written informed consent was obtained under a research protocol approved by the Mayo Clinic Institutional Review Board and subjects were phenotypically classified by echocardiography. Diagnostic criteria for DCM were left ventricular diastolic and/or systolic short-axis chamber dimension Z-score !2.0, and left ventricular ejection fraction <50%.
Chromosomal microarray and copy number variant analysis
A custom 180K oligonucleotide microarray (Agilent) was utilized for chromosomal microarray on a DNA sample from the older Whole exome sequencing and bioinformatics analysis DNA was isolated from peripheral-blood white cells from the family quartet and subject to whole exome sequencing utilizing the Mayo Clinic Medical Genome Facility and Bioinformatics Core. The Agilent SureSelect Human All Exon 50 Mb capture kit (version 2.0; Agilent) was utilized for exome capture. Each sample was run on its own lane and 101 base pair, paired-end sequencing was performed on Illumina's HiSeq2000 platform (Illumina, Inc.). Reads were aligned to the hg19 reference genome with Novoalign (http://novocraft.com) followed by sorting and marking of duplicate reads using Picard (http://picard.sour ceforge.net). Local realignment of insertions/deletions and base quality score recalibration were performed using the Genome Analysis Toolkit (30) . Single nucleotide variants and insertions/ deletions were called across all four samples simultaneously using the Genome Analysis Toolkit's UnifiedGenotyper with variant quality score recalibration (31). All four samples had over 97% of reads map to the hg19 reference genome and on average, 95% of the 50 Mb capture region had !20X coverage. Similarly, analysis of a comprehensive list of 55 known DCM genes (data not shown) revealed, on average, over 96% of known DCM genes had !20X coverage. The resultant variant call format files were analyzed with QIAGEN's IngenuityV R Variant Analysis TM software (QIAGEN).
Variants that mapped to the coding region and passed variant quality score recalibration were filtered to exclude false-positive platform-specific sequencing errors that were present in 5 or more in-house non-DCM controls. Variants were then filtered for rarity, excluding those with a minor allele frequency !1.0% in 1000 Genomes (whole genome sequencing data from 1,092 individuals) (32), the Exome Variant Server (whole exome sequencing data from 6,503 individuals) (http://evs.gs.washington.edu/EVS/), and the Exome Aggregation Consortium (WES data from 60,706 individuals) (33) . Next, all canonical splice-site, missense, and truncation variants were retained. Inheritance modeling was then carried out, utilizing exome sequencing data from the unaffected parents to model all potential modes of inheritance, including homozygous recessive, compound heterozygous, uniparental disomy, and germline mosaicism. Sanger sequencing was performed on DNA samples from the family quartet to confirm the TAF1A variants identified through whole exome sequencing. Primers utilized for PCR were: TAF1A L84S: F 5'-GCTGGCTTTGGTACTGG-3', R 5'-TGAAGC TGTAGGCATAAACT-3'; TAF1A G341R: F 5'-GAACTGTTAAAACC ATTGC-3', R 5'-GTATGTTCTCCTTATGACT-3'.
Histochemistry and electron microscopy
Left ventricular tissue specimens, procured from the sisters' explanted hearts at the time of transplantation (ages: 3 years), were formalin fixed and paraffin embedded by standard clinical laboratory protocols. Four additional specimens served as controls. Left ventricular tissue was obtained at autopsy from 6-year-old and 13-year-old males, both of whom died from noncardiac causes and had no evidence of DCM. Explanted left ventricular tissue was available from 2 individuals with genetically-defined DCM who underwent cardiac transplantation for end-stage heart failure: a 9-year-old female with a missense mutation in LMNA, encoding lamin A/C, and a 12-year-old female with a missense mutation in RBM20, encoding RNA binding motif protein 20. Sections 5 mm thick were obtained from the paraffin tissue blocks, and hematoxylin and eosin (H&E) and Masson trichrome-stained slides were generated using standard clinical histochemistry protocols.
For electron microscopy, formalin fixed cardiac tissue was obtained from the paraffin tissue blocks and deparaffinized by standard clinical laboratory protocols. Tissues were rinsed 3 times in 0.1 M sodium phosphate buffer, post-fixed, and stained in 1% osmium tetroxide. Tissues were then rinsed 3 times in distilled water, en bloc stained in 2% aqueous uranyl acetate, and dehydrated in a graded series of ethanol followed by absolute acetone. Tissues were subsequently infiltrated and embedded in epoxy resin. Semi-thin (0.6 mm) sections for light microscopy were cut with an ultramicrotome and stained with toluidine blue. Thin sections, approximately 100 nm in thickness, were cut with an ultramicrotome, post-stained with 0.3% aqueous lead citrate, and examined in a FEI Tecnai G 2 12 transmission electron microscope operated at 80 kV. Digital images were captured with an AMT 2k side mount CCD camera and AMT image capture software. For statistical analysis, 30 nucleoli/individual (60 nucleoli/group) were analyzed and classified as either non/segregated based upon morphological appearance. One individual from each group was randomly chosen for chi-squared analysis followed by multiple comparisons with Bonferroni correction (significance: P < 0.01).
Zebrafish modeling
Wild-type (WT) WIK zebrafish were utilized as controls and for generation of taf1a À/À fish to model the loss-of-function TAF1A mutations. Zebrafish were maintained under 14-h light and 10-h dark cycles at 28.5 C. For Transcription Activator-like Effector Nuclease (TALEN) assembly and mRNA injection, the gene sequence of taf1a was first verified in WT WIK zebrafish via PCR and Sanger sequencing. TALEN pairs targeting taf1a exon 1 were then designed in ZiFit (http://zifit.partners.org/ZiFiT/Disclaimer.aspx) (34) . The GOLDEN GATE TALEN and TAL Effector kits were utilized for TALEN assembly (Addgene) (35) . TALEN sequences were verified with Sanger sequencing, and mRNA was generated with the mMessage mMachine V R T3 high yield capped RNA transcription kit (Ambion). 50 ng each of left-and right-arm TALEN capped mRNA were injected into zebrafish embryos at the 1-to 2-cell stage. The following sequences were targeted by TALEN: taf1a left arm 5'-GCACAGAGAAATGGAT-3', taf1a right arm 5'-GTGTT TCTGCAATGTT-3'. Polymerase chain reaction (PCR) amplification and restriction enzyme (Eco53KI, New England Biolabs) digestion were performed to confirm successful mutagenesis and to identify heterozygous and homozygous mutants. The following primer pairs and conditions were utilized: taf1a exon 1: F 5'-TAGTGAGTCAATAGTGTTT-3', R 5'-ACTTTACACGCATTCTGG-3'. The restriction enzyme Eco53KI generated PCR products of the following lengths: WT ¼ 285 bp; taf1a þ/À ¼ 285 bp, 167 bp, and 118 bp; taf1a À/À ¼ 167 bp, and 118 bp.
Because a taf1a antibody was not available to determine the knockdown efficiency in zebrafish, reverse transcription PCR was utilized. Three zebrafish embryos per micro-centrifuge tube were homogenized using a mortar and pestle (Fisher Scientific). Triplicates for each time point were genotyped. RNA was extracted using TRIzol V R LS reagent (Sigma) according to the manufacturer's instructions, and 500 ng of purified mRNA was converted to complementary DNA (cDNA) utilizing the SuperScript TM III First-Strand Synthesis System (Invitrogen).
The following primer pairs were utilized: taf1a exons 1-2: F 5'-TGAAAGTGAACATCGGCAAC-3', R 5'-TCCGCAACCACAGACTGA T-3'; taf1a exons 7-8: F 5'-GGAGAATTACGCATACAACA-3', R 5'-ACTCCTTTCCAATGTATCC-3'; gapdh: F 5'-CCACCCATGGAAAGT ACAAG-3', R 5'-CTCTCTTTGCACCACCCTTA-3'. For phenotypic assessment of zebrafish, videos of anesthetized embryos were recorded to determine ventricular shortening fraction utilizing a Zeiss Axioplan two microscope (Carl Zeiss) and a Nikon COOLPIX 8700 digital camera (Nikon) as previously described (36) . Briefly, anesthetized zebrafish embryos were positioned horizontally on a microscope slide in a thin layer of 3% methyl cellulose to obtain a lateral view of the heart. Quicktime (.MOV) video files were analyzed to identify the maximum ventricular diastolic (VD) and minimum ventricular systolic (VS) dimensions. Five WT and taf1a À/À zebrafish embryos were analyzed per group. Ventricular fractional shortening (VFS) was calculated by dividing the difference between ventricular width in diastole and systole by the ventricular width in diastole. For statistical analysis (P < 0.05), Fisher's Exact T-test was utilized for ventricular fractional shortening, while log-rank test was utilized for Kaplan-Meier survival.
